Fibroblasts from patients with hereditary cutaneous malignant melanoma are abnormally sensitive to the mutagenic effect of simulated sunlight and 4-nitroquinoline 1-oxide Communicated by Richard B. Setlow, November 7, 1983 ABSTRACT Because of a possible etiologic link between mutations and carcinogenesis, we compared fibroblasts derived from skin biopsies of several patients with hereditary cutaneous malignant melanoma and the dysplastic nevus syndrome for sensitivity to the mutagenic and/or cytotoxic effect of broad-spectrum simulated sunlight and of a UV mimetic carcinogen, 4-nitroquinoline 1-oxide (4NQO). The genetic marker was resistance to 6-thioguanine; loss of colony-forming ability was the assay for cytotoxicity. All five strains tested were more sensitive than normal to the killing effect of 4NQO (slopes of survival curves were 2-to 3-fold steeper), but only one strain was hypersensitive to killing by Sun Lamp radiation. Two strains were tested for mutagenicity. The response of each to the mutagenic action of these agents corresponded to its response to cell killing. Both strains were hypermutable after exposure to 4NQO, but only one showed a higher than normal frequency of mutants induced by simulated sunlight. The finding that nonmalignant fibroblasts from patients with a hereditary variant of malignant melanoma are abnormally susceptible to carcinogen-induced mutations suggests that hyper-
sensitivity to mutagens contributes to risk of melanoma in patients. It also supports the somatic cell mutation hypothesis for the origin of cancer.
This study was undertaken to determine if fibroblasts derived from skin biopsies of persons with an inherited form of cutaneous malignant melanoma (HCMM) (1) were abnormally sensitive to mutations induced by carcinogens. This has been shown to be true offibroblasts from xeroderma pigmentosum (XP) patients, both those with deficient rates of excision repair of UV-induced DNA damage (2) (3) (4) (5) (6) (7) (8) and those designated XP variants (9, 10) . In the United States, malignant melanoma of the skin (CMM) accounts for only -3% of all cancers, but the incidence and mortality of the disease have risen rapidly during the past 25 yr (11, 12) . The rate of increase in incidence is now second only to lung cancer; in parts of this country, incidence approaches that of Australia (13) , which historically has led the world in melanoma frequency. The etiology of CMM is poorly understood, but the fact that persons of Celtic background are at higher than normal risk (14, 15) and the existence of a hereditary variant (1) indicate that characteristics of the host can be important in determining susceptibility. Sunlight has been a leading candidate among potential environmental causes of melanoma, but convincing evidence for a direct role is lacking (16, 17) . In fact, epidemiologic studies show that UV radiation contributes to risk of melanoma in a complex, poorly understood manner, in sharp contrast to its contribution of nonmelanoma skin cancer, which is direct and cumulative over the life-span of an individual (18) . This difference in etiology is underscored by the fact that the incidence of basal and squamous cell carcinoma in XP patients is several hundredfold higher than that of malignant melanoma (19) , even though some patients are extremely sensitive to sunlight and at increased risk of both melanoma and nonmelanoma cancer of the skin (20) .
Evidence linking melanoma to other environmental agents, such as chemical carcinogens, is suggestive, but limited. Occupational surveys of workers who are likely to have had substantial exposure to such agents suggest melanoma excesses in petroleum (21) and refinery (22) workers, coal miners (23) , and chemists (24, 25) , but no specific exposure has been implicated, except for polychlorinated biphenyls (26, 27) and here the data are limited. Therefore, the existence of persons with a form of the disease that is inherited as an autosomal dominant trait (1) and the identification and characterization of the dysplastic nevus syndrome (DNS) (28), a distinctive clinico-pathologic precursor state which underlies most cases of HCMM (29, 30) and identifies those who are at greater risk of developing melanoma, enables one to explore the possibility that cells from such persons inherit a predisposition to mutations induced by environmental carcinogens.
MATERIALS AND METHODS
Cells and Culture Media. Skin fibroblasts from male and female members of HCMM/DNS families (aged 23 to 40 yr) were obtained from the National Cancer Institute; those from an unrelated 45-yr-old normal male (VE 45) were received from C. C. Chang (Michigan State University). Four other cultures of normal fibroblasts were initiated from foreskin material of newborns (31) . All cells were between passages 9-22 when used. They were routinely cultured in a humidified atmosphere (5% CO2 in air) in modified Ham's F10 medium lacking hypoxanthine, with additional NaHCO3 to bring the level to 2.2 g/liter to provide additional buffering capacity. This medium was supplemented with 15% (vol/ vol) fetal bovine serum (Sterile Systems, Logan, UT) and antibiotics (31 tTo whom all reprint requests should be addressed.
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with 40 ,uM 6-thioguanine (Sigma) and 10% fetal bovine serum.
Irradiation. The source of broad-spectrum (290-390 nm) radiation was a pair of Westinghouse FS 20 Sun Lamps mounted parallel in a fluorescent lamp holder. The radiation was filtered through the plastic lid of Coming dishes to remove wavelengths below 290 nm (8, 32 pyrene (BzaP-diol epoxide) dissolved in acetone (33)-wis delivered by micropipette. After 1 hr, the medium was removed and the cells were rinsed, refed, and allowed to form colonies in situ. Cytotoxicity Assay. Cytotoxicity was determined from the loss of colony-forming ability by using two methods. For the in situ assay, cells were treated at cloning density (6-16 dishes per dose). For initial experiments in which the cells' response to the agent had not yet been determined, cells were plated into 100-mm (diameter) dishes at several different densities (50-15,000 cells per dish) (4-6 dishes per density) to obtain at least one set in which the number of colonies ranged from 20 to 40. (Feeder layers of x-irradiated cellswere not used.) For the replating assay, which was used in conjunction with the 4NQO mutation assays to take into account cell density effect on 4NQO, the cells were treated at the same densities used in the mutagenesis assay and then plated at cloning densities to determine survival.
Mutagenicity Assay. The general procedures for assaying the frequency of cells resistant to 6-thioguanine have been described (3, 31) . Briefly, sufficient numbers of cells in exponential growth were plated at the densities designated above to insure at least 10 surviving target cells. The number of dishes needed was determined by the expected survival. Accompanying the mutagenicity dishes was a set of 60-mm (diameter) dishes (for 4NQO) or 100-mm (diameter) dishes (for the Sun Lamp) containing cells plated at the same densities.
These were used to estimate the number of population doublings by daily electronic cell counting during the expression period. The treated and untreated populations were maintained in exponential growth during expression by being trypsinized before they reached confluence and pooled, and 1-2 x 106 cells were plated at lower density. The rest were stored in liquid nitrogen for future use. (35) showing that fibroblasts derived from members of families with HCMM/DNS were abnormally sensitive to the cytotoxic effects of 254-nm UV radiation and 4NQO. These studies are now published (36, 37) . Based on their early report, we chose five cell lines representing four HCMM/DNS families and compared them to cells from normal persons for sensitivity to the cytotoxic effect of simulated sunlight and 4NQO. Two lines, 3012T and 3072T, were among those studied by Smith et al. (36, 37) . The remainder had not been examined previously. The results are shown in Fig. 1 . The cells were treated in situ to eliminate the variation inherent in the separate trypsinizations and dilution steps required if cells are treated at higher densities and then replated. For accuracy of comparison, one or more normal cell lines was included in each experiment in which the survival of HCMM/DNS cells was measured.
Only the strain 3072T cells proved substantially more sensitive than normal to the killing action of the Sun Lamp (Fig.  1 Left) . The rest were only slightly more sensitive than normal or in the normal range. The slope of the survival curve for 3072T cells was only 1.3-fold steeper than that of normal cells, but the dose at which the extrapolation of the exponential portion of the curve intersects the 100% survival line (the quasi-threshold dose Dq = Do ln n) was 60% that of normal, and its extrapolation number (n) was lower by a factor of 1.3 than that of normal cells. These results with 3072T cells are similar to those reported by Smith et al. (36) using 254-nm UV. However, in their study, all other HCMM/DNS strains tested, including 3012T, showed a modest but significant increase in cell killing. Fig. 1 Right shows that all five cell strains from HCMM families were abnormally sensitive to 4NQO. The slopes of their survival curves were 2-to 3-fold steeper than normal.
Sensitivity to Mutations by 4NQO. Strains 3012T and 3072T were assayed for sensitivity to mutations induced by 4NQO. The frequency of mutants induced in these two strains and in two sets of normal cells is shown in Fig. 2 along with the corresponding survival data obtained in the mutagenicity assay. Both HCMM/DNS strains proved significantly more sensitive than normal to the mutagenic effect of this agent. The slopes of their mutation curves were 7.5-fold steeper than that of the normal cells. Both responded to concentrations that, by extrapolation, are predicted to have little or no effect on the normal cells. In these 4NQO mutagenesis experiments the cloning efficiencies of the HCMM/DNS strains were only =50% lower than those of the normal cells, so correcting the observed frequencies for cloning efficiency could not have accounted for differences greater than 2-fold. There was an absolute increase in the number of thioguanine-resistant colonies. For example, in an experiment in which 3012T cells were treated with 0, 100, 130, and 160 nM 4NQO, selection of 106 cells yielded 1, 19, 30, and 64 resistant colonies, respectively, and the corresponding cloning efficiencies of these populations were 0.39, 0.33, 0.34, and 0.32. It was not possible to test the HCMM/DNS cells at higher doses of 4NQO because of their greater sensitivity to killing by the agent. The effectiveness of 4NQO for cell killing was found to be dependent upon cell density (data not shown). Because in the mutation studies the cells were treated at relatively high densities, the desired level of cell killing was obtained by increasing the length of the exposure period to 2 hr and the cytotoxicity was assayed with the replating protocol rather than in situ. This accounts for the difference in the survival curves of Fig. 1 Right and those in Fig. 2 Upper.
Sensitivity to Mutations by Sun Lamp. We also measured the sensitivity of these two HCMM/DNS strains to the mutagenic effect of simulated sunlight and compared the results to those we had previously determined for several sets of normal cells (8) . The results are shown in Fig. 3 Cytotoxic and mutagenic effect of simulated sunlight in normal and 2 HCMM/DNS cell strains. Cells in exponential growth were irradiated in 100-mm (diameter) dishes at cloning density (Upper) and at 2.5-8 X 105 cells per dish (Lower). The cloning efficiencies of the cells at selection ranged from 45% to 60% for normal cells, 7% to 15% for 3012T cells, and 6% to 15% for 3072T cells. These were used to correct the mutant frequencies. The background frequencies per 106 cells ranged from 10 to 35 for normal cells and were 0 in both experiments with 3012T cells and 15 and 66 for 3072T cells. The lines were calculated by least squares. Data for the normal cells (circles) are taken from ref. 8. mutant frequencies than did the normal cells exposed to the same low fluences. They also exhibited greater sensitivity to cell killing by the Sun Lamp radiation. However, in these particular experiments, carried out with later passage cells, the cloning efficiencies of the HCMM/DNS cells were 1/4th to 1/8th of those of the normal cells and, thus, the higher mutant frequencies in the 3072T cells might reflect the larger correction factors used in comparing the data.
Another way to compare the mutagenic response of various cell strains is to compare the frequency of mutants induced at levels of the mutagen that result in equal cell killing. The labor-intensive nature of the assay of thioguanine-resistant diploid human fibroblasts restricts the number of determinations that may reasonably be carried out. Nevertheless, within the limits of the reproducibility of the assay, the frequency of mutants induced in 3012T and 3072T cells and in normal cells at equicytotoxic levels of simulated sunlight (Fig. 3) or of 4NQO (Fig. 2) 
DISCUSSION
It has been shown that fibroblasts from patients with an inherited predisposition to malignant melanoma of the skin can be abnormally sensitive to killing by 254-nm UV (36) and by 4NQO (37) . Recently, Ramsay et al. (40) tested 32 virustransformed lymphoblastoid cell lines derived from members of two Australian families with HCMM and reported that all those from persons with melanoma or multiple moles exhibited increased sensitivity to killing by 254-nm UV. Our results, showing that cells from five persons from HCMM/ DNS families-four with melanoma and DNS and one (3051) with DNS only-were hypersensitive to cell killing by 4NQO and that the two tested for induction of mutations by 4NQO were hypermutable, raise the possibility that mutations by environmental agents are involved in the origin of melanoma. Studies with cells from additional patients and employing other environmental agents must be carried out before one can generalize with regard to the susceptibility of HCMM/DNS cells. Nevertheless, the data in Figs. 2 and 3 are provocative in view of the fact that we know of no published reports in which other cancer-prone syndromes, with the exception of XP, were found to be abnormally sensitive to mutation induction.
An immediate explanation for the hypersensitivity, which comes to mind based on our earlier findings and those of others with XP cells, is that the five cell strains from the HCMM families are deficient in excision repair of 4NQO-induced DNA damage and one strain, 3072T, is also deficient in repair of damage induced by simulated sunlight. However, unlike XP cells, the HCMM/DNS strains tested were not abnormally sensitive to killing by the BzaP-diol epoxide. Smith et al. (36, 37) examined several steps in various DNA excision repair pathways of 3072T cells but failed to find evidence of a specific repair deficiency. However, this does not absolutely exclude a DNA repair defect as the cause of the enhanced sensitivity because the cells may be defective in a step not examined. Alternatively, they may have a defect similar to that found in cells from XP variant patients, which excise UV-induced DNA lesions at the normal rate (41) but have difficulty replicating DNA containing unexcised lesions (42, 43) . However, XP variant cells exhibit high frequencies of mutants induced by noncytotoxic (shoulder) doses of UV (8) (9) (10) . This is not true of the HCMM/DNS cells.
A more likely explanation for the increased sensitivity to 4NQO is that for a given exposure, the HCMM/DNS cells receive a higher level of DNA-bound residues. 4NQO must be metabolized to a reactive derivative before it can combine with DNA (44). Horikawa et al. (45) showed that 4NQO-induced cell killing in a series of mammalian cells did not correlate with their sensitivity to 254-nm UV but was directly correlated with the number of 4NQO-DNA adducts formed. Cells from HCMM/DNS patients might possess higher levels of rate-limiting enzyme activities required for activation of 4NQO, so that when they are exposed to a particular level of 4NQO, they end up with a higher level of 4NQO-DNA adducts. Support for this explanation comes from the finding by Smith et al. (37) that the initial number of alkali-induced DNA single-strand breaks in 3072T cells after 4NQO treatment was twice as high as in normal cells and our finding that when the need for metabolism of 4NQO to HAQO was eliminated, the difference in sensitivity was also eliminated.
However, increased enzyme activity cannot easily explain the hypersensitivity of HCMM/DNS cells to killing by 254-nm UV (36) , to killing and mutations by simulated sunlight (3072T cells; Fig. 3 ), or the recent preliminary results indicating that lymphoblastoid cells from HCMM/DNS patients are abnormally sensitive to mutations by 254-nm UV (46) .
Although the mechanism by which this cellular sensitivity to environmental carcinogens contributes to HCMM risk is unknown, our observations are consistent with a multistep model of carcinogenesis, in which the initiation of, or transformation of, preneoplastic lesions is enhanced by abnormal tissue sensitivity to biologically relevant mutagens. Our investigation must be extended to cells from additional HCMM family members to determine if this sensitivity is inherited and if the various cell strains differ in ability to activate 4NQO and related environmental agents.
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